Renin (EC 3.4.23.15) is an aspartyl protease that cleaves its only known substrate, angiotensinogen, to release the vasopressor hormone angiotensin. We have isolated full-length cDNAs for renin from a rat kidney cDNA library. The cDNAs are complementary to a 1434-nucleotide rat kidney mRNA that encodes preprorenin, the 402-amino acid precursor of renin. This rat cDNA was used to isolate the complete copy of a renin gene from a rat genomic library, and a comparison of this genomic clone with rat genomic DNA showed that renin is a single-copy gene in the rat. Rat renin is 85% identical to one mouse renin isozyme (renin-1) and 81% identical to the second mouse renin isozyme (renin-2), suggesting that the duplication of the mouse renin genes is a more recent event than the speciation of rats and mice. Analyses of rat, human, and mouse renin sequences revealed that the potential to form two-chain renin is apparently peculiar to mouse renin, and the expression of a tenth exon (which results in a three-amino acid insertion) is observed only in the human renin gene.
Renin (EC 3.4.23.15) is synthesized and released by the juxtaglomerular apparatus of the adult kidney. This enzyme is actually synthesized as prorenin and, following proteolytic activation, acts sequentially with angiotensin-converting enzyme to release the vasoactive hormone angiotensin II from circulating angiotensinogen. Renin is apparently specific for this single substrate, and the level of renin activity apparently controls the amount of angiotensin II produced. Thus, there is considerable interest in renin as a controlling factor in the maintenance of blood pressure and electrolyte balance, particularly with regard to the development of hypertension. However, although most hypertension studies are done with rats, the cDNA-encoding rat renin has not yet been described. In this communication we describe a full-length rat kidney renin cDNA and its gene.t
MATERIALS AND METHODS
Extraction and electrophoresis of RNA as well as labeling of nucleic acids and hybridization conditions were done by standard methodologies that have been described (1) . Autoradiograms were generated by exposing dried gels to x-ray film (Kodak XAR) with an image-intensifying screen at -70°C. Protein sequences were compared using the algorithm of Lipman and Pearson (2) and a protein sequence data base. § Extraction of Genomic DNA and DNA Gel Electrophoresis.
High Mr genomic DNA was extracted from frozen pulverized rat liver (3) . After extensive dialysis against 0.01 M Tris Cl/0.0001 M EDTA, pH 8.0, buffer, aliquots of the DNA were completely digested with EcoRI, purified by phenol/ chloroform extraction, and subjected to gel electrophoresis on a 1% agarose gel in 0.04 M Tris acetate/0.002 M EDTA, pH 8.1. After electrophoresis, the DNA was denatured and then transferred to a membrane by capillary action (4) . Construction and Screening of cDNA Libraries. Five micrograms of Sprague-Dawley rat kidney poly(A)' RNA was used as a template for the synthesis of oligo(dT)-primed cDNA synthesis using the reaction conditions suggested by Schwarzbauer et al. (5) . The RNA strand in the resulting heteroduplexes was replaced by nick-translation as described by Gubler and Hoffman (6) . The double-stranded cDNA was then treated with EcoRI methylase, the ends were made flush by the action of the large (Klenow) fragment of DNA polymerase I, and molecular linkers (5' CGGAATTCCG) were added by the action of T4 DNA ligase. After generation of staggered ends by digestion with EcoRI, linker fragments were removed by molecular exclusion chromatography on Bio-Gel A-50m (Bio-Rad). The fractions containing cDNA (i.e., all the included material) were pooled, the cDNA was concentrated by ethanol precipitation, and one-half of the cDNA was ligated to 0.5 pug of EcoRI-digested bacteriophage XgtlO DNA (7). The resulting concatemers were packaged in vitro using a commercially available packaging extract (Gigapack, Stratagene, San Diego, CA). The cDNA library contained 2.5 x 107 plaque-forming units, 10% of which were clear plaque mutants (i.e., recombinants). The parental phage were eliminated by amplifying the library on Escherichia coli C600 Ahfl (8) .
The cDNA library was screened by plating 104-105 phage on E. coli C600 on 150-mm petri dishes and transferring the DNA on the plate to membrane filters (0.45 gum MF-type, Millipore) (9) . Renin sequences were detected by hybridization to a full-length mouse submandibular gland renin cDNA (pDD-1D2; ref. 10), a gift from K. Gross. After verifying the purification of individual clones by replating, large amounts of phage were prepared by the plate lysate procedure and purified by isopycnic centrifugation in cesium chloride, and the phage DNA was extracted with formamide (11) . A rat genomic library [(12) , a gift from T. Sargent] that had been constructed by "shotgun" cloning of partially digested (EcoRI) Sprague-Dawley rat DNA into the vector K Charon 4A was screened with our full-length renin cDNA.
DNA Sequence Analysis. Fragments of renin cDNA or genomic clones were generated by restriction endonuclease digestion of X phage DNA containing rat renin DNA inserts, and these were subcloned into complementary sites in the polylinker region of a pEMBL series plasmid (13) . Singlestranded DNA was generated by infection of E. coli 71/18 with the coliphage IR-1; the single-stranded DNA was purified, and the sequence of the renin DNA insert was determined by the Sanger dideoxy chain-termination technique (14) . Fig. 1 ), was end-labeled to a specific activity of 1 x i07 dpm/pmol, and 30 fmol was mixed with 5 pug of RNA in a buffer consisting of 1.0 M sodium chloride/0.001 M EDTA/0.02 M piperazine-N,N'-bis(2-ethanesulfonic acid) (Pipes buffer), pH 6.8. The reaction mixture (25 pkl) was covered with paraffin oil, briefly heated to 950C, and placed at 450C overnight. The next day the reaction was diluted 3-fold with water, and the nucleic acid was precipitated from 80% ethanol. After drying the pellet, it was redissolved in 0.05 ml of the reverse transcriptase reaction buffer, and the primer was extended by the action of reverse transcriptase. Finally, the reaction products were phenol/chloroform extracted, precipitated from ethanol, heated in 90% formamide, and applied to an 8% polyacrylamide/7 M urea sequencing gel (16) .
RESULTS
Because previous studies (17) showed that mouse renin cDNA hybridizes to a single 1600 nucleotide RNA species in rat kidney extracts, we used a preexisting renin cDNA from mouse submandibular gland to identify a rat renin cDNA. The paucity of renin mRNA sequences in the rat kidney necessitated the construction of a large cDNA library. Therefore we constructed a rat kidney cDNA library using the vector system XgtlO (7); this library contained about 2.5 x 106 recombinants before amplification. Initially, 2 x 105 recombinant plaques were screened by hybridization with a full-length mouse renin cDNA (10); two recombinant phage were isolated as a result of this screening. Sequence apalysis and restriction mapping of these two cDNAs showed that they were both about 750 base pairs (bp) in length and encoded the 3' half of rat renin mRNA (data not shown). One of these cDNAs (pRen6) was used to screen 2 x 106 more recombinant plaques from the rat kidney cDNA library, and this screening yielded 11 additional phage clones that were then hybridized to a 5' fragment of the mouse cDNA. Five phage clones hybridized to this fragment and gel electrophoresis showed that all of these cDNAs were between 1200 and 1425 bp long (data not shown), and one cDNA (pRen3l) was chosen for complete sequence analysis. Fig. 1 shows the predicted nucleotide sequence of rat kidney renin mRNA and the immediate 5' flanking sequences of the rat renin gene. This sequence was derived primarily from our longest cDNA, pRen31 (1423 bp), and also from a 5.2-kilobase-pair (kbp) EcoRI fragment of rat genomic DNA (see below). The sequences of two other renin cDNAs, pRen32 (1200 bp) and pRen6 (750 bp), were also determined, although not on both strands over the full length of these molecules. The sequences of the three cDNAs are identical. To determine the 5' terminus of rat renin mRNA a 19-residue synthetic oligonucleotide complementary to nucleotides 48-66 was end-labeled, hybridized to target RNA, and extended by the action of reverse transcriptase. As is shown in Fig. 3 , a single band is observed on an extension of a rat kidney poly(A)+ RNA template, and this band comigrates with the major band observed on a mouse submandibular gland poly(A)+ RNA template. These analyses show that rat renin mRNA is 1434 nucleotides long [exclusive of the poly(A)+ tract], a value that agrees well with the observed size (=1600 nucleotides) of rat kidney renin mRNA ( Fig. 2 and ref. 17 ). The sequence of the 11 nucleotides not present in our cDNA, as well as the immediate 5' flanking region of the rat renin cDNA, was determined by using the same synthetic oligonucleotide to prime sequencing reactions on a 5.2-kbp EcoRI genomic DNA fragment (see Fig. 3 ).
Renin mRNA has a single continuous translation reading frame extending from the first nucleotide to nucleotide 1227; a second termination codon in the same reading frame follows at nucleotide 1318, while multiple termination codons are present in all other reading frames. The first methionine codon in the extended reading frame occurs at nucleotide 22, followed by a second methionine six codons downstream. Because the sequence surrounding the first methionine codon is the best fit to the initiation codon rules of Kozak (18) The pRen31 cDNA sequence predicts that rat preprorenin consists of 402 amino acids (Mr 44,375). The cleavage point of the leader sequence cannot be predicted with certainty; scission following amino acids Cys-17, Ser-18, Ser-21, or Leu-22 seems equally likely given the constraints of the existing consensus rules for mammalian peptide leader sequences (21) . Although the amino terminus of mature (active) rat renin has not been determined directly, it has been determined for both mouse submandibular gland (19) and human kidney renins (22) . By analogy with these data, we predict that cleavage occurs in the equivalent position in rat prorenin-i.e., after the pair of lysines at residues 63 and 64. Thus mature rat kidney renin is predicted to contain 338 amino acids, corresponding to a Mr of 36,905. These data are consonant with the observation that trypsin readily activates prorenin (23) and the Mr of rat kidney renin as determined by denaturing gel electrophoresis (24) . Rat renin also coptains three potential sites for N-linked glycosylation (Asn-XaaThr/Ser); they are residues 69, 139, and 320.
Comparison of rat renin with the known protein sequences showed the expected relationship with the aspartyl proteinase superfamily. Rat renin is most closely related to the mouse renins encoded by the Ren-J gene (85% identity) and the Ren-2 gepe (81%), followed by human renin (66%) and a variety of cathepsins and pepsinogens, all at <50% identity. The homology at the nucleotide level is also high (87%, 87%o, and 74%, respectively). The amino acids that are crucial for aspartyl protease activity (25) are conserved in rat renin; they are aspartate residues at positions 102 and 287, as well as tyrosine 147 and tryptophan 109. Comparison of the immediate 5' flanking sequences of the rat renin gene (Fig. 3) and the mouse renin genes (26) revealed a high degree of homology (>90%) for some 75 bp upstream of the transcription initiation site; sequences extending for an additional 110 bp upstream were not significantly homologous (data not shown). The immediate 5' flanking region of the human renin gene (27, 28) was homologous to the rat sequence for only a short (12-bp) stretch centered on the TATA homology (data not shown).
We isolated a copy of the renin gene from a rat genomic library to facilitate further studies of this gene. The genomic library, which was a gift from T. Sargent, was constructed with partially-digested (EcoRI) Sprague-Dawley rat DNA (12) . Two hybridization-positive phage were identified by screening 2 x 109 plaques with pRen3l, the full-length rat renin cDNA. DNA from one of these phage clones, XRenll, hybridized only to a probe specific to the final exon of the mouse renin gene [pSM 479 (29) , a gift from K. Gross], whereas a second clone, XRenl3, hybridized to both a 5' Proc. Natl. Acad. Sci. USA 84 (1987) Figs. 1 and 3) . The arrangement of the EcoRI fragments in the rat renin gene was established by hybridizing both genomic clones to 5'-and 3'-specific probes as well as to fragments of pRen3l; partial restriction maps of both clones are presented in Fig. 4A .
Comparison of autoradiograms of EcoRI digests of Lewis, Sprague-Dawley, and cloned (ARenl3) DNAs hybridized to pRen31 cDNA reveals a discrepancy in the size of the largest band (6.5 versus 5.2 kbp, Fig. 4 B and C) . The most likely explanation for this difference is that there exists at least two alleles of the renin gene in the rat, one represented by our clone XRenl3 and another represented by the single allele present in the inbred Lewis strain; the Sprague-Dawley rat represented in Fig. 4 Fig. 4 ), we contend that the renin gene exists at one copy per haploid genome in the rat. (28) . Although both forms are expressed in the kidney, renin-2 is expressed predominantly in the submandibular gland (30) . Rat renin is clearly more closely related to mouse renin-1 than to mouse renin-2. The evidence for this contention is the higher degree of homology in amino acid sequence, as well as an additional codon (Ala-27) and a third putative N-linked glycosylation site (Asp-69) in both rat renin and mouse renin-1. The percent difference between rat and mouse renin-1 is 15 per 100 codons; accepting the current estimate that mice and rats speciated 10 million years ago, the unit evolutionary period (i.e., the time elapsed per 1.0% divergence per 100 codons) for renin is 0.67 million years. If this period has remained constant over the past 10 million years, then the Ren-1 and Ren-2 genes, the products, renin-1 and renin-2, of which differ by 4% per 100 codons (31) diverged only =2.5 million years ago.
Another anomaly concerns the existence of three amino Proc. Natl. Acad. Sci. USA 84 (1987) acids that are present in human kidney renin (20) , but not in mouse submandibular gland renin (19) . These amino acids are encoded by an additional exon (exon 5A) in the human renin gene (27, 28) Fig. 1) .
Our primer extension studies show that the rat kidney renin transcript starts at a discrete adenine residue 27 bp downstream from a TATA homology (see Fig. 3 ). Field and colleagues (26) have used S1 nuclease mapping as well as primer extension to show that the major mouse submandibular gland and kidney renin transcripts begin at the analogous position on the mouse genes; however, additional initiation sites are also found in the submandibular gland. The present results (Fig. 3, lane 1) confirm this finding, but we find no evidence of additional initiation sites along the rat gene (lane 2). However, we caution that the low abundance of renin mRNA in kidney extracts probably precludes the detection of minor transcripts beginning at other points on the rat renin gene.
In this communication we report the characterization of rat kidney renin and its mRNA by the techniques of cDNA and genomic cloning. Furthermore, we present evidence that renin is encoded by a single gene in the rat. This information is useful in two respects; in an immediate sense it helps to resolve several questions of renin biology, including those concerning the evolution of two renin genes in some mouse strains and several aspects of comparative renin structure. Over the longer term the rat renin cDNA will allow more sensitive detection of renin mRNA at extrarenal sites. This is important, because although the synthesis of angiotensinogen, the renin substrate, is readily demonstrable in a wide variety of tissues (32) , the detection of rat renin synthesis anywhere except the kidney is difficult. Towards the goal of characterizing tissue-specific renin/angiotensin systems the rat renin cDNA can be used to develop a sensitive, quantitative nuclease protection assay for rat renin mRNA and to generate recombinant rat renin for use as an immunogen.
